Understanding how plant species richness influences the diversity of herbivorous and predatory/parasitic arthropods is central to community ecology. We explore the effects of crop species richness on the diversity of pest insects and their natural enemies. Using data from a four-year experiment with five levels of crop species richness, we found that crop species richness significantly affected the pest species richness, but there were no significant effects on richness of the pests' natural enemies. In contrast, the species richness of pest insects significantly affected their natural enemies. These findings suggest a cascade effect where trophic interactions are strong between adjacent trophic levels, while the interactions between connected but nonadjacent trophic levels are weakened by the intermediate trophic level. High crop species richness resulted in a more stable arthropod community compared with communities in monoculture crops. Our results highlight the complicated cross-trophic interactions and the crucial role of crop diversity in the food webs of agro-ecosystems. trophic level, stability, generalized additive model, monoculture, polyculture Citation:
The species richness of natural enemies plays important roles in the functioning and service provision of agroecosystems, even though it can be strongly affected by the cascade effect of population regulation from species of the other trophic levels [13] . The relationship between plant species richness and herbivorous arthropod diversity has attracted significant attention [411] . However, few studies have examined the food webs at three trophic levels, such as crops, herbivore pests and their natural enemies in certain agro-ecosystems [1214].
Root [4] proposed the top-down natural enemy hypothesis (NEH) and the bottom-up resource concentration hypothesis (RCH) to explain the observed diversity of pest insects. Risch [5] tested these two hypotheses, concluding that only the RCH explained the differences in beetle abundances between crop monocultures and polycultures. Siemann [6] found that the number of plant species and their functional groups boosted species richness, but not arthropod abundance. Knops et al. [7] showed that in a tri-trophic system, herbivore diversity and their predators/parasites were significantly affected by plant species richness. However, Knops et al. [7] did not consider the potential interactions between the two higher trophic levels.
In agro-ecosystems, studies have examined the effect of plant diversity on grassland arthropod communities [6, 7, 15, 16] , but few have considered the effects of crop richness on arthropod diversity, where many are agricultural pests. Agro-ecosystems are closely associated with crop production, with more research required to elucidate all possible interactions in the tri-trophic system of crops, pest insects, and their natural enemies. Therefore, if the NEH holds, polycultures should increase the species richness of natural enemies in agro-ecosystems, reducing the population and species richness of pest insects. Artificially increasing the population of natural enemies, including the introduction of new predators, may reduce the risk of pest outbreaks. In contrast, if the RCH holds, the species richness or density of pest insects would be affected by crop species richness, with natural enemy communities similarly affected by the species richness of pest insects. Therefore, introducing new natural enemies and artificially increasing the population of natural enemies will not reduce pest insect species richness or density. Using data collected from a four-year trial with five different levels of crop species richness, we examined two types of bottom-up interactions. We investigated direct bottom-up interactions between adjacent trophic levels (i.e., between crop species and herbivorous insects, and between the herbivorous insects and their natural enemies) and indirect bottom-up interactions between crop species and the natural enemies of crop herbivores. Our study elucidates all three interactions in this tri-trophic agro-ecosystem, allowing us to test the RCH and the NEH using field experiments.
Materials and methods

Study design
The experiment was conducted in a crop field in Yishui County, Shandong Province, China (35°48′05″N, 118°37′11″E), encircled by a 2-m-high brick wall. The field contained 50 plots (9 m×9 m), with a 1-m walkway between any two plots. Five levels of crop species richness were planted, with 10 replicates at each level. Each level was defined by the number of crop species, with 1, 2, 4, 8, and 16 species per plot. At a given level, the composition of species within one plot (i.e., one replicate) may differ from another plot, but the number of crop species was identical. Each plot contained 22 rows and columns of crop plants, with the same crop species within each row but potentially different crops in adjacent rows. During the experiment, weed species were continually removed and no pesticides were used. The crop species were randomly chosen from 16 commonly grown species in northern China.
During the growing season from 2007 to 2010, arthropods were sampled from the crops on 18 days. The ontogenetic growth of crops has been demonstrated [17] allowing us a reliable estimate for the actual growth season. To sample arthropods, we randomly chose one crop column in a plot. The insects were sorted as either pests or their natural enemies using categories from Zhang and Zhao [18] . The crop and arthropod species sampled are listed in Tables S1  and S2 in Supporting Information.
Analyses
We analyzed the effects of plant species richness on the abundances of pest insects and their natural enemies, including the ratio of natural enemy/pest abundance. We used the arcsine square root transformation of the abundance ratio in the analysis of variance following Kuang et al. [19] and Xiao et al. [20] .
The relationship between the species richness (and diversity using the Shannon index) of a higher trophic level (y) and a lower trophic level (x) was represented using the following nonlinear model [21] :
where a and b are constants. This equation describes the saturation of y as a function of x, becoming linear when b=0 [22] . Table 1 exhibits the statistical significances of two model parameters (i.e., a and b). In addition, the total abundance of the lower trophic level and the sampling date can also affect y. The generalized additive model (GAM; [23, 24] ) was used to examine the effects of one to four explanatory variables to determine the higher trophic level richness (or diversity). Tables 2 and 3 provide the details of the response variable and the corresponding explanatory variables. To assess the performance of eq. (1), we conducted a GAM using only one explanatory variable (x). To assess the role of species richness at different trophic levels on community stability, we used the coefficient of variation (CV) for species richness by pooling the data. The CV indicates community instability and dynamic over-dispersion [16, 25, 26] . We used the jackknife method to calculate the standard error of the CV at different levels of plant species richness [27] . We used a nonlinear model to assess the effect of plant species richness on the CV of pest insect richness and the effect of pest insect richness on the CV of the natural enemy richness:
where q represents the species richness of plants (or pest insects), c and d are constants.
Results
We found no significant differences in pest insect abundance among the five levels of crop species richness ( Figure 1 ;
.316) and natural enemy abundance showed no significant differences among different crop species richness (F 1881 =0.640, P=0.424). No significant differences occurred in the abundance ratio (arcsine transformation of the square root) among the levels of crop species richness (F 1881 =2.068, P=0.151). However, high crop species richness increased the species richness of pest insects, supporting a greater diversity of natural enemies ( Figure 2 ). In contrast, the relationship between the species richness of plants and natural enemies was weak (R 2 =0.04, Table 1 ). The saturation form of eq. (1) showed a good fit with the observed relationships of species richness at different trophic levels ( Table 1 ).
The GAM showed that both sampling time and x had significant effects on y ( Table 2 ). When selecting one explanatory variable for x, the predicted relationship from the GAM between x and y was similar to the saturation form of eq. (1) Table 4 ), suggesting a more stable arthropod community.
Discussion
Our results showed that natural enemy species richness was significantly associated with pest insects and this correlation should not be interpreted as top-down pest control [28] . If the NEH holds, we should expect to see a reduction in pest abundance or richness when the richness of their natural enemies increases. In contrast, the study indicated that higher natural enemy species richness was associated with higher species richness of pest insects, contradicting the assumption of top-down pest control in the NEH. Therefore, we should distinguish the association from a causal relationship.
Siemann [6] proposed that increasing predator/parasite diversity may increase herbivore diversity if (i) there are appropriate trade-offs between competitive ability and predator or parasite resistance; (ii) predators switch to feed on more abundant prey species; (iii) prey are spatially aggregated. However, while the natural enemies could in- [24] for details).
crease the Shannon diversity index of pest insects by selectively targeting the most abundant pest species, such a top-down effect may be diluted by insect movement among plots and influenced by other environmental disturbances. In large-scale agro-ecosystems, interactions between pest insects and their natural enemies should be stable [29, 30] .
The saturation form of eq. (1) reflects the functional response between adjacent trophic levels [21] and between indirectly-connected trophic levels via a third intermediate trophic level. Specifically, let y=a 1 x/(1+b 1 x) and z=a 2 y/ (1+b 2 y) denote the richness relationships between pest insects and crops, and between natural enemies and pest insects. The functional relationship between natural enemies and crops also follows the saturation form, z=a 1 a 2 x/ (1+(b 1 +a 1 b 2 )x). However, while eq. (1) describes the species richness (and the Shannon index) of natural enemies as a function of crop species richness ( Figure 2C and D) , the goodness-of-fit test was relatively low (Table 1) . Indeed, the GAM results did not support a significant influence of crop species richness on natural enemies, the effect of crop species richness was mainly diluted by the intermediate trophic level (i.e., pest insects).
Our experiments demonstrated that the relationship between two adjacent trophic levels was stronger compared with two nonadjacent trophic levels. Knops et al. [7] found that the R 2 for herbivore species richness on plant species richness was 0.24, compared with an R 2 =0.16 from the linear regression between predator/parasite richness and plant 
Figure 3
The additive fit of the species richness of pest insects to plant species richness (A), the Shannon index of pest insects to plant species richness (B), the species richness of natural enemies to plant species richness (C); the Shannon index of natural enemies to plant species richness (D); the species richness of natural enemies to the species richness of pest insects (E), and the Shannon index of natural enemies to the species richness of pest insects (F). Here, s(•) represents a smooth function, with the shaded areas representing point-wise two-times the standard error bands.
Figure 4
Coefficients of variation in the species richness of pest insects vs. plant species richness (A), the species richness of natural enemies vs. plant species richness (B), and the species richness of natural enemies vs. the species richness of pest insects (C). The points are the coefficients of variation (CVs) calculated by pooling the four-year data. The error bars represent standard errors of CVs calculated using the jackknife method. The curves represent the predicted CVs using eq. (2).
Table 3
Using the generalized additive mixed models with a random effect to interpret species diversity of different trophic levels (n=883) a) In the generalized additive mixed models, the investigation year is regarded as a random effect (see [24] for details). species richness. We used the nonlinear saturation form (eq.
(1)) obtaining a better goodness-of-fit compared with the linear regression used by Knops et al. [7] . Tilman et al. [31, 32] used a similar nonlinear form when estimating the effect of species richness on total plant cover and biomass. Haddad et al. [15] found support for this non-linear model. Haddad et al. [16] demonstrated that high plant diversity stabilized arthropod community diversity across trophic levels, consistent with our results. Moreover, our study indicated that the stability of natural enemies was more directly related to the species richness of pest insects compared with plants. Petermann et al. [33] showed that the highest insect densities and species richness occurred at an intermediate level of plant species richness. In contrast, our study showed that the highest insect species richness (for both pests and their natural enemies) occurred where plant species richness was highest.
We suggest that a strong bottom-up cascade effect occurred across trophic levels, consistent with Petermann et al. [33] . Schmitz [34] reported that spiders actively hunting reduced plant species diversity, while ambush spiders had an opposite effect. Observing a top-down cascade effect in agro-ecosystems is difficult because plant species richness in these systems is relatively stable, except when a pest outbreak occurs. We found that the top-down control imposed by the natural enemies was only detected in pest insect diversity.
Okasnen et al. [35] found that an increase in plant productivity will enhance the role of top-down predation on herbivores, while the impact of herbivory on plant communities decreases. A healthy cropping agro-ecosystem without pest outbreaks means a productive environment for pest insects and relatively low herbivory pressure. Therefore, further investigation is required on the effects of the types of natural enemies (i.e., active hunters' vs. ambush predators) on pest insect diversity. We did not distinguish between natural enemy strategies as we were mainly interested in the relationships among entire trophic levels. The cumulative effect of the natural enemy trophic level on pest insects may differ from the separate effects of active hunters and ambush predators. Similar to Haddad et al. [16] , we did not separate the effects of plant species richness on the abundance, diversity and stability of generalist versus specialist herbivores.
Eq. (1) has an asymptote of y (=a/b), indicating the upper limit of species richness in response to the variable x. Accordingly, the maximal number of pest insect species in a large polyculture in northern China should be 11 per plot (Figure 2A ) and the corresponding maximal species richness of natural enemies should be 5 ( Figure 2C ). Species composition could vary at different sampling periods and with different crop mixtures. However, the maximal number of arthropod species per plot should be relatively stable. We think this nonlinear saturation form could be used to explore the effects of species diversity on ecosystem function and services.
Generalized linear mixed models have been widely used in community ecology studies [36, 37] . The generalized additive mixed model (GAMM) is more flexible for fitting data, compared with the generalized linear mixed models [24] , where investigation year is often considered a random effect [38] . In our GAM analyses, we treated the four-year data as replicates. Adding the investigation year as a random mixed-effect, we obtained similar results from the GAMM (Table 3) to those from the GAM ( Table 2 ), suggesting that our results from the GAM were relatively robust.
In conclusion, high plant species richness can support more species of pest insects, further supporting higher diversity of their natural enemies. However, the relationship between two nonadjacent trophic levels, that is, between plant species richness and that of natural enemies is weakened by the intermediate trophic level, dispersal among plots and other environmental disturbances. Moreover, the effects of pest species richness on their natural enemies are time-sensitive, suggesting potential seasonal dynamics within the arthropod community. Overall, our results strongly supported the bottom-up RCH but raised concerns about the top-down control in agro-ecosystems as stated in the NEH. In agro-ecosystems, the RCH alone can be applied to investigate the cascade effects of crop species richness on the diversity of pest insects and their natural enemies. This may not apply when investigating the cascade effects of crop species richness on the population densities (i.e., abundances) of pest insects and natural enemies.
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